Mucin-like regions contribute to pathogenicity in a variety of negative-stranded RNA viruses. These regions are characterized by a preponderance of O-linked glycosylation. They evolve exceptionally rapidly yet maintain their function as pathogenicity factors. Two hypotheses have been proposed to explain this evolutionary conundrum of phenotypic stability in the face of extreme genetic divergence: strong positive selection and relaxation of purifying selection. We determined the strength and direction of selection codon by codon across genes containing these regions and found that purifying selection is relaxed over the mucin-like regions relative to the genes in which they are found. This suggests that so long as these regions maintain sufficient O-linked glycosylation, they are free to evolve rapidly without loss of function as pathogenicity factors.
Viral mucin-like regions (MLRs) within glycoprotein genes act as pathogenicity factors in negative-stranded RNA viruses of humans. MLRs have been implicated as pathogenicity factors in Ebola virus (EBOV), Marburg virus (MARV), CrimeanCongo hemorrhagic fever virus (CCHFV), and human respiratory syncytial virus (hRSV) (13, 16, 18, 24) . An MLR has also been identified in the glycoprotein of human metapneumovirus (hMPV) (8) , but its importance in pathogenicity has not been determined.
MLRs, like eukaryotic mucins, are characterized by a high prevalence of serine, threonine, and proline, which bind Olinked glycans and induce ␤-turns that trap water and salts (3) . MLRs experience rapid nucleotide substitution compared to other coding regions of RNA viruses (1, 11, 12) . In fact, among the four EBOV subtypes, the MLRs have accumulated so many substitutions that the level of dissimilarity between them approaches that of randomly generated sequences (7) . Nevertheless, purifying selection appears to act on this region, as alignment of the EBOV MLRs showed that their lengths do not differ among subtypes and that O-glycosylation is maintained among all four subtypes (7) . It is probable that these MLRs also serve a yet-undetermined function in the diseasefree natural hosts of many of these viruses. Despite evidence of the importance of MLRs in disease progression in humans, little is known their evolutionary history.
Two non-mutually exclusive hypotheses have been proposed to explain this rapid sequence divergence within the MLR: positive selection (10, 12) and relaxation of purifying selection (2, 10) . Positive selection results in an increased rate of adaptive amino acid substitutions; relaxation of purifying selection would also increase the rate of amino acid substitution, but this would be due to the lessening of selective constraints. The first hypothesis is supported by sporadic evidence of positive selection within MLRs (12, 14, 23, 25) . In contrast, work by Sanchez et al. showed that the number of nonsynonymous mutations is higher across the entire MLR, indicating a possible relaxation of selection interspersed with some positive selection (12) . Here, we explicitly test these hypotheses by comparing the selective pressures within the MLR to selection for the rest of the gene.
To better appreciate the dynamics that govern MLR evolution, we first conducted a detailed analysis of the patterns of divergence and base composition along genome alignments of each virus. Our goal here was to see whether we could identify patterns diagnostic of MLRs that could shed light on how they evolve. We analyzed nonoverlapping windows along complete genome alignments for each virus with known glycoprotein MLRs. Alignments were constructed in Se-Al (http://tree.bio .ed.ac.uk), using all available complete genomes from GenBank (www.ncbi.nlm.nih.gov) for each of the five viruses: EBOV, MARV, CCHFV, hRSV, and hMPV (Table 1) . Identical and laboratory-derived mutant strains were removed. Protein coding regions were aligned manually; intergenic and ambiguous coding regions were aligned using Clustal_X (19) . Alignments were partitioned into consecutive nonoverlapping 50-nucleotide windows. The mean uncorrected pairwise distances and maximum likelihood base frequencies for the regions were calculated using PAUP* version 4.1 (17) . Uncorrected distances were used, because many sequences contained regions exhibiting divergence levels approaching saturation. Maximum likelihood models were determined using Akaike information criteria in ModelTest version 3.7 (9) .
We observed that for each virus, the glycoprotein MLR contained the region with the highest ratio of cytosine to uracil (C/U) in the genome. This pattern makes sense mechanistically, since the amino acids thought to be involved in the formation of MLRs (serine, theonine, and proline) share a cytosine in the second codon position. Moreover, each glycoprotein MLR was characterized by a simultaneous increase in uncorrected pairwise distance along with the increase in the C/U ratio ( Fig. 1) . C/U data were normalized using log 10 transformation. To delineate the putative boundaries of these MLRs for use in further analyses (described below), we calculated the means and standard deviations of log 10 C/U ratios for all 50-nucleotide windows across the genomes. Regions with values at least 1.96 standard deviations above the mean were classified as high C/U regions. If a series of high C/U regions occurred within a coding region and was accompanied by an increased mean uncorrected pairwise distance, these regions were considered to define the putative MLR. This method may also prove useful in detecting MLRs in the glycoproteins of other RNA viruses. We then tested whether the high prevalence of cytosine within the MLRs was actually due to the presence of serine, threonine, and proline. We looked at what happened to the frequency of cytosine within the MLRs when serine, threonine, and proline were removed from the sequences (Fig. 2) . Without these amino acids, the cytosine frequency within the MLRs resembles that of the rest of the glycoprotein. Therefore, the apparent skewed nucleotide profile of these regions, which we suggest can be used to identify MLRs at the primary sequence level, is directly related to their function as MLRs.
To further characterize MLR evolution, we partitioned the genome alignments into protein coding regions, intergenic regions, and MLRs and then estimated the C/U ratios and uncorrected pairwise distances of these regions. As expected, intergenic regions had greater mean uncorrected pairwise distances than coding regions (two-sample t test [P Ͻ 0.001]) ( Table 2 ). An exception was hMPV, which contains very short intergenic regions. This analysis was not performed with CCHFV, because it does not contain intergenic regions. In general, the MLRs exhibited uncorrected pairwise distances that were similar to those of the intergenic regions but greater than the uncorrected pairwise distances of the coding regions.
MLRs had a C/U ratio greater than that of all other coding and intergenic regions ( Table 2 ). In hRSV and hMPV, there were no significant differences between the C/U values for coding and intergenic regions (two-sample t test [P ϭ 0.604]); however, for EBOV and MARV, the C/U value for the intergenic regions was significantly lower than that for the coding regions (two-sample t test [P Ͻ 0.001]). In summary, MLRs evolve at a rate indistinguishable from that of intergenic RNA FIG. 1. Mean uncorrected pairwise distances and log 10 C/U ratios across nonsegmented virus genomes. EBOV, MARV, hRSV, and hMPV genomes are depicted. CCHFV is not included, because it is a segmented virus that does not contain intergenic regions. Thin green lines represent mean uncorrected pairwise distances; thick blue lines represent log 10 C/U ratios. Black bars along the x axes indicate coding regions. Glycoprotein MLRs, in which mean uncorrected pairwise distances and log 10 C/U ratios simultaneously increase, are designated with stars. GP, glycoprotein genes.
but, in the cases of EBOV and MARV, have a base composition opposed to the mutational bias of the rest of the genome. The question remains, what type of selection pressures would cause such bizarre evolution?
To address this question, we estimated the strength and direction of selection at each codon for all five glycoprotein genes containing an MLR. We used a fixed-effects likelihood method in Datamonkey (www.datamonkey.org) to detect evidence of positive and negative (purifying) selection (␣ ϭ 0.05) (5, 6) . Glycoprotein sequences were obtained from GenBank (Table 1 ) and aligned using Se-Al (http: //tree.bio.ed.ac.uk). These genes were screened for recombination using GENECONV (15) , but no evidence of discordant phylogenies was observed. The section of the EBOV glycoprotein containing multiple reading frames was removed from the analysis (11, 22) .
We found very strong evidence of relaxed purifying selection in MLRs. Within the glycoprotein genes of EBOV, CCHFV, hRSV, and hMPV, there were significant decreases in the numbers of negatively selected sites within the MLR compared to the rest of the gene (Fisher's exact test [P Ͻ 0.05]) ( Table 3 ). The MLR of the MARV glycoprotein did not show a significant decrease in the number of sites under purifying selection, but this appears to have been the result of a low level of purifying selection in the non-MLR rather than the presence of strong constraints in the MLR. On the other hand, while a few positively selected sites were detected within many MLRs, only the glycoprotein MLR of CCHFV exhibited a significant increase in positive selection relative to the rest of the gene (Fisher's exact test [P Ͻ 0.0001]) (Table 3) . Clearly, the rapid evolutionary change in viral MLRs cannot be explained by strong positive selection.
Natural selection is acting on MLRs, as evidenced by the maintenance of O-linked glycosylation, the conservation of their length in EBOV, and the increase in C/U ratios. Our results indicate that this selection is not concentrated on any given codon but rather is relaxed over the entire region. We propose that the primary protein structure of an MLR is, by and large, not critical to its function as a pathogenicity factor. So long as sufficient O-linked glycosylation is preserved, the MLR will function in spite of rapid sequence divergence. We found no evidence that positive selection is strong enough to account for the rapid evolution of MLRs. We propose that positive and purifying selection, while present, is acting on the MLR as a whole and not on specific amino acid residues, a molecular evolutionary pattern that stands apart from almost every other described example.
The closest parallels that we know of to the evolutionary dynamics observed in these MLRs are those governing spider silk protein evolution. Spider silk proteins contain high proportions of repeating amino acid sequences that lead to an increased frequency of certain nucleotides and undergo rapid sequence divergence, even in the presence of purifying selection (4). Viral MLRs, however, are unique in that they experience relaxed selection in the absence of any repeat structure.
These MLRs are different from other mucins found in DNA viruses such as the channel catfish virus. This virus is a herpesvirus encoding a mucin that exhibits a repeat structure reminiscent of those of eukaryotic mucins. The channel catfish virus mucin may also be a pathogenicity factor, as a strain lacking this gene is attenuated (20, 21) . The nonrepetitive viral MLRs described here may represent a novel way in which viruses can evolve pathogenicity factors. Why these MLRs are seen only in negative-stranded RNA viruses remains unclear.
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